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Abstract—This paper compares methods of active stabilization many tens of gigahertz [1]-{7] limited only by the bandwidth
of an optoelectronic microwave oscillator (OEO) based on inser- of the modulators and detectors, which currently extends to the
tion of a source of optical group delay into an OEO loop. The per- 100-GHz range.

formance of an OEO stabilized with either a high-Q optical cavity . . . .
or an atomic cell is analyzed. We show that the elements play a In a generic OEO [1] the microwave energy is stored in an

role of narrow-band microwave filters improving an OEO stability. ~ Optical delay line, eliminating the need for a microwave cavity.
An atomic cell also allows for locking the oscillation frequency to However, in this configuration, the long fiber delay line sup-
p_articular a_tomic clock transitions_._Thi_s repo_rts a proof-of-prin- ports many microwave modes imposed on an optica| wave. A
ciple experiment on an OEO stabilization using the effect of elec- y5r6yy-hand electrical filter should be inserted into the elec-
tromagnetically induced transparency in a hot rubidium atomic . .
vapor cell, tronic segment of the OEO feedback loop to achieve a stable
) ) _ single-mode operation. The center frequency of this filter de-
Index Terms—Atomic clocks, electromagnetically induced rans- - 1aymines the operational frequency of the OEO. While this ap-
parency, optoelectronic oscillator, photonic filter. . . . .
proach yields the desired spectrally pure high-frequency signals,
it nevertheless calls for an OEO configuration limited in size by
I. INTRODUCTION the kilometers of fiber delay needed. Moreover, the long fiber
%elay is very sensitive to the surrounding environment, so the

pure signals at high frequencies are important for EO does ngt probqll.lce%r: Ogggwith h.igﬁllon%—terrr; frekqtéency
number of applications, including communications, navigatioﬁccuracy and stability. The Is typically phase locked to a

radar, and precise tests and measurements. Conventitﬁ% plfhreference for I(;ng-teﬂr]m stab|I|t¥. f th toelectroni
oscillators are based on electronic techniques that emplo n this paper, we study the properties of the optoelectronic

high quality () factor resonators to achieve high spectraﬂ cillator with either a high@ optical cavity or an atomic cell,

purity. The performance of these oscillators is neverthele@splace Qf the eIectronjc filter. The first methpd "?‘HOWS one to
limited by the achievablés at room temperature and by thechoose virtually an arbitrary frequency of oscillation by tuning
ntge cavity. The second method allows one to create a stable fre-

sensitivity of the resonators to environmental perturbations, ) X . .
vy P ency reference, especially if the OEO is locked to an atomic

such as temperature and vibration. High-frequency microwa o .

references may also be obtained by multiplication of signa%OCk transition. We thgorgtlcally anglyze bqth approaches, qnd
enerated by high quality, but low frequency (MHz), quart porton a prqof—of—prmuple experiment with thg OEO stabi-

g y high 9 Y g y ( ). 4 FFed to the rubidium clock transition with an atomic vapor cell.

oscillators. The noise associated with the multiplication ste ¥ ; )
X/\/e propose to use the effect of electromagnetically induced

ICROWAVE oscillators capable of generating spectrall

unfortunately, degrades the performance of the high frequenc o . :
signals beyond the levels required for high-end applications.tr nsparency (EIT) [8]-{10] to stabilize an OEO with an atomic

. : L : Il. EIT was recently used to produce an ultraslow group ve-
A powerful method of creating high-purity signals is base el ) : .
on techniques of photonics, which are free of some of t.%c'ty of light [11], [12] in atomic vapors [13]-[15] as well as

intrinsic limitations of ultra-high-frequency electronics men®! doped solids [1.6]’ [17.]' Those re.Sl.JlFS are based on usage of
ep frequency dispersion in the vicinity of a narrow EIT reso-

tioned above. In particular, the optoelectronic oscillator (OE(%(;_I ™ EIT licable :
is a photonic device that produces spectrally pure signals ce. 1ne narrow L1 resohances are applicab’e for construc-
tion of all-optical miniature atomic clocks [18]. We show here

that extremely narrow two-photon EIT resonances could also be
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EOM (a) low efficiency of the EOM, so a microwave amplifier must be
N Photodiode included in the OEO loop to provide the needed drive for the
=
En Delay . modulator.
| Ecom e ] & |
EM: | [ll. ANALYSIS OF THE OPTOELECTRONICOSCILLATOR
i Amplifi | , . I
! mpier ! To find the amplitude and frequency of oscillations, we con-
e U Filter |-------- ! sider the basic properties of the OEO elements: the fiber delay
line, the optoelectronic modulator, and the photodiode.
EOM (b)
— - A. The Electrooptical Modulator
= > | Delay Photonic| P _ )
: E, line Filter Let us consider an electrooptical modulator of
EM: om Ey Mach—Zehnder type that transforms a monochromatic radiation
! Photodiode E exp(iwpt) into amplitude modulated light. The modulator
--------------------------------- consists of a Mach—Zehnder interferometer with a nonlinear

electrooptic crystal placed in an arm. When a microwave field

Fig.1. Optoelectronic oscillator: (a) Usual configuration and (b) configuratiol® Sent into the crystal, the crystal introduces a time-dependent
with a photonic filter. delay into the arm, and the outgoing light becomes modulated

[I. THE OPTOELECTRONICMICROWAVE OSCILLATOR SCHEME Eroa(t) = EE(t) [1 + etwo(Te+Tu (t))} (1)
2

The generic scheme of the OEO is shown in Fig. 1(a). Light
from a laser is introduced into an electrooptical modulatevherers is a dc bias delay andh,(¢) is the time-dependent
(EOM). The amplitude-modulated light from the exit port iglelay introduced by the nonlinear crystal given by
split with a fiber splitter, with one branch sent into a fiber delay Lo
line followed by a photodiode. The other branch provides the Tar(t) = €220 o (Eag () + B3 (1)) @
optical output of the device. The microwave signal from the c 2

output at the photodiode is filtered, amplified, and fed bagkere the dimensionless parameteft < 1) results from the
into the EOM. This system oscillates if the amplification innherfect overlap and phase mismatch of light and microwave
the closed loop exceeds linear absorption of the loop [1]. TRe|s 7.4 is the length of the electrooptic crystal, is the
microwave amplifier may be unnecessary to sustain staljgsr index of refraction of the nonlinear material, angd is

oscillations, depending on the power of the laser radiation @ coefficient of nonlinearity of the material (e.g., 30 pm/V for
the photodetector and the particular features of the modula;_qNbo?))_

and optical delay line. _ . _ It is convenient to present the microwave field in the form
The fiber delay line is a photonic substitute for a MICTOWaVE: | (1) 1 E% (t) = 2En(t) cos(wart + ¥(t)) whereEy (t)

resonator. A longer _fiber corresponds toa Iar@efact(_)r. The and (t) are slow functions of time. We also write, (t) =

OEO with such a higly photonic storage element is @ Mulyz (1) cos(wyt + 4()). Then we derive the expressions for

timode device, with a dense mode spectrum correspondingy@ amplitudes of the carrier and the first two sidebands

the waves adding in phase as the energy circulates in the loop.
A single-mode operation is obtained when a narrow-band mi- R iwors 99
crowave filter is inserted in the loop. The filter determines the me 2E6 [1 te (1 WOTM)] 3)

oscillation frequency, and its stability with respect to environ- i ~ ilwndtwon )t iwnT 9~9

mental perturbations directly determines the stability of the os- B = ZEwOTMe (eodntglints <1 B _MOTM> - (4)

cillator. While the@ of the filter is not a determining factor for

the spectral purity, it nevertheless determines the degree of sipe description presented above is valid not only for

pression of all other modes within its passband. The realizatiffpch—Zehnder EOMs but also for any kind of EOM. An ex-

of a high©) microwave filter with center frequency at tens ofmple is a polarization-based EOM, when a nonlinear medium

gigahertz is a complicated task [2]. influencing polarization of the passing light is placed between
The microwave filtering may be substituted with photonigrossed polarizers, instead of semitransparent mirrors. Such a

methods of spectral purification in the OEO, including eithépodulator is used in our experiment discussed in this paper. We

use of several different optical loops [5] or a delay line a|on§”|ould note that some insignificant corrections of the equations

with an Optica' Cavity filter. With the latter approach, the OSC”ShOUld be introduced to describe this modulator; hOWeVer, for

lation occurs at the frequency of the cavity modes. The spect3 sake of simplicity, we do not discuss those corrections here.

purity and the stability are determined either by the time delay in

the fiber or by the spectral width of the filter, whichever has th@. Photodiode

narrowest characteristic linewidth. With such an optical filtering The transformation of light at power,,; into microwaves

scheme, the OEO becomes an ideal photonic device, wherewig power P,,., by means of a photodiode is determined by

microwave field is generated without any microwave circuit el-

ements [Fig. 1(b)]. Presently, this realization is hindered by the Prw = R*pP2,, (5)
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While an optical fiber is a true delay line, which introduces
group as well as phase delays, an optical cavity and an atomic
E E cell result in a group delay only. The phase delay of the op-
b tical radiation due to these resonant elements is negligibly small.
- L ¢ We show that these elements may be effectively treated as mi-

(a) (b) crowave filters.

Fig. 2. Group delay lines for OEO stabilization: (a) optical cavity and (bp. A Cavity
atomic cell. ) ) o ) . )
Let us consider a cavity consisting of two identical mirrors,

where R is a transformation coefficient of the optical powetvith an energy transmission coeffici€fit(1 > 7" > 0), placed

to a photocurrent ang is the resistance at the output of theét a distance. from each other Fig. 2(a). The transmission of
photodiode. The typical values ake= 0.7 A/W andp = 50 €. monochromatic light with a carrier frequeney through the
We present the complex field amplitudeas cavity is characterized by the expression

2n P iwo L
B = e ®) By (1) = B exp(igt) o2 L)
Acn OUt( ) in exp( o )1 — exp (szoL) (1 _ T)

c

11)

whereP is power, A is an effective cross-sectional area of the
fiber guide, andh is the refractive index of the material. Thenjt js easy to see from (11) thad, () = +FE;, exp(—iwot) if
for the amplitude of the microwave fieldz,) the input wave is resonant with a cavity matley./c = 27m,
wherem is an integer.
< 2mp >1/2 In an OEO, we deal with a beat-note of light waves; the
G=R .
wM’ Apre beat-note frequency),; corresponds to the modulation fre-
guency. Let us assume that the pump light has frequencyy

where P|,,, is the optical power at the microwave frequency2woL/c = 2mm+2AwyL/c), and after the modulator the light
(the power of the optical beat signal) ardd; is the cross-sec- has a single sidebantl,; with frequencyw,; = wo + wys

En = GPops (7)

tional area of the microwave waveguide. QwyiL/c = 2x(m + 1) + 2[Awo + Awp] L/c). Here
Awg and Aw,, characterize the detunings from the nearest
C. OptiC&' Fiber Delay Line resonance. We derive

If one sends monochromatic light with frequengyinto an
optical fiber characterized by the effective index of refraction;* (1)g (t)
g . out +1 out
no and lengthZ, the output light has a complex electric field EF B e iwnt
amplitude . (t) that is related to the amplitude of the input — ~»"*! 2 iAwn L/
light Ei, exp(—iwot) as % . Tret ™ . )
[1_6—21Aw0L/c(1_T)] [1_eQZ(AwO—I—AwM)L/c(l_T):I

Eout(t) = aFiy, exp(—iwot) exp <M> (8) (12)

C

. . - . . or the near resonant fields, this expression transforms to
whereca is the transmission coefficient due to insertion Iosser ’ P

and the fiber material andis the speed of light in the vacuum.

Assuming that the fiber has no dispersiag (w) =const) in El L (6) B out(t)
the range of frequencies we are interestedvin{ Aw > w > TQE{knE+1e—iwl\1teiAwh'1L/(’
wy — Aw), we introduce an effective delay time due to the fiber = — 9 911/2
) (124 (2202)%) "+ (2280a2)
n
Ty = 1 ©)
¢ 20T Awy L
¢ . (13)
and, therefore X exp 2 7| (
(T2 n (2A(.:0L)2) n (2TACwML)2)
Eout (f) = OtEin(t — Tf). (10)

In order to avoid conversion of the frequency fluctuations of
The same expression is valid for a beat-note of any twhe pump laser into amplitude fluctuations, the linewidth of the

monochromatic light waves. laser should be much smaller than the width of the optical reso-
nance. If the influence of the laser detunings on the power trans-
IV. GROUPDELAY LINES ASPHOTONIC FILTERS mission of light is negligible, (13) may be simplified

This section is devoted to a theoretical study of the Righ- ‘ '
optical cavity and the atomic vapor cell (Fig. 2) as photonic fil- E* , (t)E11 ouw(t) & —Ef E e~ @uteidonL+2/T) /¢
ters. The aimis to analyze their suitability for OEO stabilization. (14)
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It is worth mentioning that fo\w, = 0, the transmission  Equation (17) stays valid when light is modulated and a weak
of the beat-note through the cavity (13) is described by the ®debandt; (| Fin| > |E41]), nearly resonant withz) — |c)

sponse function atomic transition, propagates along with the pump in the cell.
The sideband, however, acquires a large phase shift if the modu-
F.o~ — Te eim (Wi —wrsr)/wrsk (15) lation frequency is different from the frequency of the transition
' Ye — i(wn — WFSR) between level$h) and|c) (wp.)
wherey,. = T'¢/(2L) characterizes the decay of the cavity and ,
wrsr = ¢/ L is the free spectral range of the cavity. This im- Ei1 out(t) =E 1 exp [—i(wo + war)t]
plies that the optical cavity plays the role of a microwave res- X exp <} [1 _ WM T wbc]
onator for the microwave radiation imprinted on the pump light. Yo
If the input light has two equal sidebanéls; and£_1, not Nhwovo

a single sideband, the beat-note transforms as x In [1 - TD - (19

Eou () Et1 our(t) + EZ, Out(t,)EO“t‘(t) We are interested in the time delay introduced by the medium in
T2E; E e @utetAwml/e the beat-note of the pump and the sideband. For small absorption
[1— e—2idwol/c(1 — T)] [1 — ei(Awotawa)L/c(1-T)]  we find

TZE* 1Ein6_iw‘” teiAwM L/c

— [1_e2iAw0L/C(1_T)] [1_6—2i(Aw0—AwM)L/C(l_T)] . (16) E:ut(t)E+1 out(t) %Ei*nE+16_wMt
. X exp <|:1—LM:|
It follows from (16) that the beat-notes between each sideband Yo
and the carrier are transformed in the same way by the cavity. N Ewoo
Finally, it is worth noting that an ultra-highy cavity leads X In [1 T D . (20)

to the transfer of frequency fluctuations of the pump laser into

the microwave signal if the bandwidth of the laser is Comp"i!(ssuming that\ Tiwgye ~ ¢
rable with~... The slow light element discussed below does n t>> ¢ > 0) and2yo > |war — wpe|, we may approximate the
have such a deficiency due to the pure two-photon nature of %ponse function of the system as

process [11]. One may observe a narrow EIT peak with a wide
bandwidth laser, which should be less than the Doppler width ¢/2

of the optical atomic transitions. Py et [ Yo } . 21)

k Yo — i(wnr — wpe)

Py, (small, but finite, absorption

B. An Atomic Cell

An OEO may be stabilized with an atomic vapor cell con- We have considered the case of single-sideband modulated
taining atoms with a suitable energy level structure. One of thght. Light modulated by a conventional EOM, however,
best atomic level configurations for such a purpose, the so-calleas two sidebands instead of one. The second, off-resonant,
A scheme, is shown in Fig. 2(b). sideband will not be influenced by the atomic transition if the

Let us assume that the pump lighi is nearly resonant with pump power is weak enough so the four wave mixing processes
la) — |b) atomic transition. If the EOM is switched off andoccurring in the system and the resulting sideband amplifica-
the sideband?, ; is absent, the pump propagating through théon may be neglected. This condition may be approximated
atomic cell experiences a small residual absorption. The re€8-3N ALy /(8nwyr) < 1[19], where N is the density of
nant absorption is suppressed due to optical pumping. For the atomic vapor) is the wavelength of the pump light, is
pump amplitude we have (see the Appendix ) the length of the atomic cell, andis the natural width of the

atomic transition. This gives us the maximum density of the
. Niworo 1/2 atomic vapor feasible for this application. Fbr= 0.78 pm,
Eout(t) =~ Ein exp(—iwot) (1 - P—) (17) L = 1cm,y = 57 MHz, andwy; = 6.8 GHz, we have
' N < 5 x 1013 cm=3.

wherev is the decay rate of the ground state atomic coherenceUSIng these estimates and (17), we derive the maximum op-

due to the finite interaction time of the atoms with light, is t'(ial purgp pO\(/jv_erfortghchtPe abovi_apé%oilmglztzn]\\;virks. For
the total number of atoms in the interaction region, d@hdis alaserbeam diameter = 1.5 cm, welin =7 /4 <

: I : : 0'2. Assuming a wide two-photon resonange= 10° rad/s
the pump power. Equation (17) is valid for intense light, WhEIJe . - . ’
the Eondpitirt))n q (17) g and takingu = 2.5 x 10 rad/s, we obtairP,, < 250 mW.

On the other hand, taking into account thHay = 500 MHz and
2| Einl? > B2 W 18) ¢° = 3hyc®/(4wy), we find from (18) that the smallest optical
power for which the above EIT regime holds is approximately
is fulfilled. Here g is the value of dipole moment of the atomicd mW. For smaller power the narrow resonance still exists, but
transition, E;,, is the electric field amplitude, and/p is the the residual absorption increases compared with the theoretical
Doppler width of the atomic transition. value.
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For the amplitude modulated light that initially has equal hawherea stands for the total transmission of the beat-note in the
monics (E+:| = E,1), the beat-note signal after the three-levedystem andy; = ¢Lsnires|Ear|/(2¢).
medium is

* " B. Oscillation Frequenc
B () B 41 out(t) + B2 (t) Bou (1) aueney

Nhw /2 The oscillation frequency may be found from the imaginary
~E:ELi <1 - P—0%> —wnt part of (24). For the atomic cell filter having a response ac-
i cording to (23), the oscillation frequency may be found from
1 WM — Whe Nhwgyo
x{14exp(=[1-2i—=|In|1—-———2| ] }.
2 v d war war — W Nhwoyo
22 - _ - In |1 - 2
(22) ( 2 wf) i 2% . |: P+ P1:| TmeCT
The medium changes not only the phase of the beat-note but o o _ (26a)
also its amplitude. where( is either unity ifsin(wo7g) > 0 or zero ifsin(wog) <

To avoid the difficulties arising from the asymmetry of thd); 7 is an integer numbet;; is an eigenfrequency of the op-
pump and sideband radiation mentioned above, one may ti§al-microwave loopd7y = 2rk, wherek is integer); and-
laser light modulated with half-frequenayy; /2 with respect 1S determined by (9). Equation (26) means that the microwave
to the ground state splitting of the atoms [18]. In this case tfig!d is a mode of an OEO loop, i.e., its cycle phase increment
sidebandd?, ; and£_ interact with atoms via an effect of EIT, iS integer multiple of 2.
while the carrierk;, experiences a slight off-resonant absorp- Note that in the “asymmetric” case, for example, when one

tion only. The beat-note in this case is sideband is off-resonant with the atomic transition, the oscilla-
tion frequency depends on the balance of the modulator (rela-
B () Bt out(t) + By 54 (1) Eour () tive phase between the carrier and the harmonics). This happens
~ (B Eqq + EilEm)e‘i““t/? because the medium shifts the phase of one harmonic, while
1 wir — W Niworo leaving the other unchanged.
X eXp(— [1 — Z—C} In [1 — WD For the cavity filter described by (16) the frequency is deter-
o e (23) mined by
whereP,,; andP_; (P;; ~ P_,) are the powers of the side- Wi~ WESR 26
bands of the modulated light. (War —wy)7s + =2mm+(r (26)

C

The chief advantage of this configuration is the (almost)
complete symmetry, which allows for the reduction of the L . o
ac-Stark and other unwanted effects. Another advantage is tHaE"e¢ S €ither one ibin(wo7) < 0 0rzeroifsin(wors) > 0.
the four-wave mixing process, resulting from the scattering of o -
the drive field on the atomic coherence generated by the side- OScillation Stability
bands, is not important in the scheme. The four-wave mixing To find the fluctuations of phase for the system, we replace
leads to the generation of radiation with frequengy+ wyr.  (24) by
The beat-note originating from this process may be filtered out.

t
V. CHARACTERISTICS OF ANOPTOELECTRONICOSCILLATOR Eye™ vt = Gy / dr’ pd(t/)e—(w+iw)(t—t’) 27)
WITH A PHOTONIC FILTER 0

Let us consider the scheme of an ideal OEO shown i
Fig. 1(b). The amplitude and frequency of such an oscillat
may be determined from (7)

ereyg < wyy is afilter bandwidth determined by the photo-
diode, for instance, anft; is the total power of the modulated
light at the photodiode. Noting that each field may be presented
~ A, " iwart as a sum of the expectation and fluctuation paits<( (E) + e)
Ev =G 2w (BiEyia+EZiaBa) e (24) and that the frequency of the microwave field may be written as
war + 6¢(t), wheredep(t) is a slow function of time, we arrive

wm

whereFE; andE1; 4 are the complex amplitudes of the carrie
and sidebands on the photodiode. Expressions for the oscillation
frequency are quite complicated generally, so we consider the

symmetric cases here. Sp(t)F = iear(t) — ey (1)
2[(Ewm)|
A. Oscillation Amplitude rt ,
o P _ _ _ _ Calc / dt' e =7 ) sin(wpt' )6 Py(t')  (28)
The oscillation amplitude for filters described by either (23) ()l Jo
or (16) may be found from the real part of (24), which has the
form where? = 77— (7o) "In [1 — (M hwoo)/(Py1 + P—y)] foran
~ 1 - ~ ~ OEO with an atomic cell filter anét = 7; + . for an OEO
|En| = ZGPina| sin(wo7p)|woTarr (1 — 5(4137'112/1) (25) with a cavity filter. f
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Fig. 3. Experimental setup for demonstration of the EIT-stabilized OEO. -05 0.0 0.5 1.0 15 2.0 2.5 3.0 35

Frequency sweep, MHz
Assuming that the light, as well as the microwave, field is in. _ . _
. . . Fig. 4. The EIT peak observed in the transmission of the total signal. The data
a coherent state, we write a generic expression for the nonzgfmts line up due to limiting digitizing precision.

field moments

. 2rhw enough dispersion to lock the OEO frequency to the atomic tran-
(e(t)e"(t)) = ——8(¢ =) (29) sition.
The laser light passes through an EOM, which, in combi-
Introducing the phase diffusion coefficiel® as (§¢4(¢)2) — hation with a rotating half-wave plate and a polarizer, allows

(5¢())? = 2Dt and assuming that the time of the measurdde transforming of phase modulation into amplitude mod-

ment is much longer than the filter characteristic tinfgdl, we ~ ulation. This conversion is important because in the case of
arrive at pure phase modulation, no beat-note appears on a photodiode

(sin(rpwo) = 0). The beat signal produced with one sideband
o [ hwr 4 hwo and the carrier has the opposite phase to the beat signal pro-
D = (27) (2(P ) + w272, (P, >> (30)  duced by the other sideband and the carrier, so they cancel out.
M 0Tar Ad The amplitude-modulated light is then passed through a ru-
~ . _ bidium cell. The 2-in-long cell contains a natural abundance of
Véh;re W]eE toolg > wOQTM afntljl | Sm(fonB)és_ L, so that - idium isotopes at about 10%. The cell is placed inside of
{Pa)/1(Ear)| = woTar /2, as follows from (25). 3 solenoid, which is used to create a magnetic field along the

Finally, it is worth noting that the root mean square fraction : L : )
frequency fluctuations for the oscillator may be found from th%ropagatlon direction of the optical beam. The solenoid and the

expression.,.. /war = (2D/w]2ut)1/2, wheret is the measure- cell are enclosed in a three-layemetal shield to cancel stray

ment time. Itis clear that the frequency dispersign, is much magnetic fields.

Lo - 1Teq y dispersiofy, : Light that passes through the cell is detected by a fast pho-
less than the inverse effective delay timewhich agrees with . ; S o

: : todiode, the electric output of which is amplified and used to
our experimental results discussed below.

drive the EOM. Part of this microwave signal is directed to a
spectrum analyzer to monitor the oscillation amplitude and fre-
quency. A phase shifter is inserted into the circuit to achieve the
We have demonstrated the operation of an OEO with a rdesired microwave phase delay, which is an important condition
bidium atomic cell serving as the stabilizing filter. The experifor self-sustained oscillations.
mental setup of the EIT-stabilized OEO is shown in Fig. 3. We As the first step in setting up the OEO oscillation, we open the
use a Vortex laser system tuned to titg 5, ' = 2 — 5P, /5, feedback loop between the photodiode and the amplifiers, and
F = 1 transition off"Rb. This transition corresponds to transi-drive the EOM with an RF synthesizer. Sweeping the synthe-
tion|a) — [b) in Fig. 2(a). Then the transitior8,,, F = 1 —  sizer’s frequency and detecting the signal from the photodiode,
5P1,5,F = 1 playsthe role ofa) — |c). Transition frequencies we obtained the frequency response functions of the system.
differ by 6.834 68 GHz, which correspondsug. in Fig. 2(a). This is done in two different ways. First, we monitor the in-
The dual-pass acoustooptical modulator and a standard sétgrated signal from the photodiode, which corresponded to the
ration spectroscopy setup allow us to lock the pump laser withtal power of the light transmitted through the cell. When the
approximately 300 MHz offset to the red from thé — |b) external modulation frequency matches the hyperfine splitting
transition. This detuning turned out to be the optimal for thigequency, we expectto see a higher transmission because of the
OEO operation of our system. We believe that the main factBIT. The experimental result is shown in Fig. 4. We see the ex-
determining this detuning value is the optimum dispersion/apected transparency peak; however, the contrast is rather poor.
sorption ratio in the rubidium cell. This provides enough lighthis is due to the fact that we are detecting an incremental in-
for our OEO feedback loop to have the above-unity gain amdease of a sideband transmission, on the order of 10%, against

VI. EXPERIMENT
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Fig. 6. Rubidium cell transmission signal on the red wing of Doppler
broadened line. Irregular segments indicate the ranges of OEO oscillations.

Next, we remove the synthesizer and connect the photodiode
to the amplifiers, closing the feedback loop. Two distinct
regimes of RF oscillation have been observed. Outside the
EIT region, the system can oscillate at any frequency within
100-MHz range. This range is determined by the bandwidth of
the EOM and of the RF amplifiers, and the frequency can be
tuned by the phase shifter.

When the EIT condition is achieved, the oscillation frequency
is locked at the atomic hyperfine transition frequency. By a suit-
able choice of the experimental parameters, this desired oscilla-
tion can suppress the other, broadly tunable type. This EIT-sta-

(b) bilized regime can be achieved only within a fairly narrow range
Fig. 5. Heterodyne signal as a function of the synthesizer frequen®f the laser wavelength.
modulation. When the magnetic field is weak (on the left), peaks correspondingTg jllustrate the effect of laser wavelength tuning on the OEO
to transitions between different Zeeman levels are visible; when the field is . . .
strong (on the right), only thex; = 0 — m, = 0 peak is present. operation, we slowly scanned the wavelength while measuring
the integrated photodiode signal. The result is given in Fig. 6. In

] __this figure the red slope of Doppler absorption profile is shown.
a much stronger carrier (by more than a factor of ten). Fittinghe entire scan is approximately 700-800 MHz wide. We see

the data with a Lorentzian peak function, we find its width t@yo wavelength ranges where oscillations occur: the one on the
be approximately 860 kHz. This is a rather crude estimate fig side corresponds to stable oscillation and is manifested by
our filter function because of the low resolution of the peak angl higher transmission (due to EIT); the one on the blue side
because the Lorentzian does not fit the EIT peak well. corresponds to unstable oscillations and is manifested by higher
A more accurate measurement is achieved by mixing the phise.
todiode signal with the local oscillator signal obtained from Drift of the laser wavelength within the EIT-stabilized re-
the synthesizer driving the EOM, i.e., by implementing a hegion causes the microwave phase to change, which needs to
erodyne measurement. As part of this measurement, we sulsgcompensated by the phase shifter. It therefore appears con-
quently turn on a dc magnetic field along the cell. The Zeemaenient to lock the laser near the center of the desired wave-
shifts of magnetic sublevets - have opposite signs fdf = 1 |ength range. However, the nature of laser locking by the fre-
and F' = 2, and hence for sufficiently large field all, transi-quency-modulated saturation spectroscopy [20]-[22] imposes
tions from theF" = 1 — F = 2 manifold are tuned off the additional structure on the microwave oscillation spectrum; see
two-photon resonance, except for the clock transitien =  Fig. 7. The peaks in this figure are separated by approximately
0 — mg =0. 28 kHz from each other. This frequency is the dither frequency
The measurement results are shown in Fig. 5. On the top pafrthe laser lock. It worth noting that this structure may disap-
of the figure [Fig. 5(a)], the magnetic field is small, and in adpear if the laser is not modulated directly.
dition to the central peak; = 0 — ms = 0, we see two other  Unlocking the laser, we get rid of the 28-kHz structure and
peaks. On the bottom part [Fig. 5(b)], the field is strong (severalbserve a single peak, which is quite narrow. From Fig. 8, we
Gauss), and the side peaks have moved far outside the swespthat its width is approximately 1 kHz. It is important to point
range. Such a strong magnetic field is on in all the experimerst that this width is much narrower than the EIT width, which is
described below. Fitting the single peak to a Lorentzian, we firmbnsistent with (30). The peak in Fig. 8 can drift within approx-
its width to be approximately 230 kHz. imately 500 kHz before the oscillations become unstable and

Signal, mV

03 06 09 12 15 1.8 21 24 27
Frequency sweep, MHz
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Fig. 7. (a) Microwave oscillation spectrum for the OEO with locked laseFig. 8. (a) The RF spectrum with a free-running laser; resolution is limited by
(b) The same, with higher resolution. The zero detuning corresponds to the spectrum analyzer bandwidth. (b) The same with higher resolution, yielding
hyperfine transition frequency,, =~ 6.8 GHz. The peaks are separated bythe RF spectral width of approximately 1 kHz. The zero detuning corresponds
28 kHz, the dither frequency of the FM spectroscopy laser lock, that impodeghe hyperfine transition frequenay,, = 6.8 GHz.

additional modulation on the laser light.

_ ) ) ) ) _ i.e., from (3) and (4)wg7i, /4 ~ 0.1. The measurement time
disappear. This range is consistent with the EIT width measureds; ~ 0.01 s. Theno.. — (QDA/t)1/2 ~ 3 51 which
. . YWy T z - ’

by the first method. The situation can be improved by obtaining approximately a hundred times smaller than the observed
anarrower EIT signal. Note that this regime of operation is sij,ewidth.
ilar to that of the CPT clocks [18]. _ The phase diffusion parametdd, determines the phase
We also carried out an experiment in which both the rubidiupice of the generated microwaves. In our experiment, this
cell and a 250-m fiber were present. This configuration réprga ameter was four orders of magnitude in excess of the shot
sents an OEO with an atomic cellfilter. Significantly, in this casg,ise imit given by (31). This difference may appear because
the linewidth of the transition-locked oscillations was measured ihe technical noise such as the pump laser excess noise
to be less than 100 Hz, while the tuning range remained the Sam@y temperature fluctuations. In the present proof-of-principle

as without the fiber. _ - experiment, we did not make any efforts to suppress these
Let us estimate theoretical value®f,, for the conditions of ¢4 ,ces of noise.

the experiment. To do it, we modify (30) as

(ZGA — 1)th 4 th
2(Pur) wyTay (Pa)

VIl. DISCUSSION
Dy = (2%)—2< ) (31)

Let us compare properties of the photonic filters discussed
in this paper. Both filters are similar in the sense that they have
Equation (31) takes into account amplification of the microwauggher transmission of modulated light when the frequency of
generated on a photodiode that was present in the experimitigt modulation coincides with an intrinsic frequency of the
(G4 > 1is the coefficient of the power amplification). filter—either frequency of the free spectral range of the cavity

We assume thaty, = 2 x 1010 s, 7 = 1 us, Pyy = 1 W,  or frequency of the splitting between atomic ground states.

Gy = 27 x 105 P; ~ 10 uyW, wg = 2 x 10¥ s71, We The main differences between an atomic cell containing a
know from the experiment that the ratio of the power of theapor of three-level atoms and a higheptical cavity are the
sideband and carrier after the modulator is approximately 10%6llowing.
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1) Anideal cavity transmits modulated light without absorpwhere N is the atomic number density,;, and p,. are the
tion if the carrier frequency of the light coincides withdipole moments of the respective transitions, andandp,,. are
a cavity mode and the modulation frequency coinciddle density matrix elements of the corresponding atomic transi-
with the free spectral range frequency of the cavity. Th@ns. Analytic expressions for the matrix elements can be ob-
transmission does not depend on the cavity quality factéained from the stationary solution of tkenumber equations
In turn, the atomic cell absorbs passing modulated ligh8], [11]

The maximum transmission, achieved when the modula- . -
Pbb = o — Y0Pbb + VPaa + i(Qgpay — c.c.)

tion frequency of the light coincides with the frequency of 2
the ground state splitting of the atoms, is connected with e =2 _ 0P + VPaa + i(Q% 1 pac — c.c.)
the width of the two-photon resonance. ) 2 . )

2) The frequency of the cavity drifts depending on the ex- pre = = Licpoe + i€dPac — 1€241pba
ternal conditions while the splitting of the atomic ground Pab = — Lappab +iQ0(pob — paa) + 141t
state may be stable. Hence, usage of an atomic cell in- Pac = — Lacpac + Q41 (pec — Paa) + 120 be
stead of a cavity is useful for construction of frequenc%h ere
references.

3) An atomic cell is more tolerant to the absolute pump Pap >~y +id
laser stability compared to a cavity. If light having wide Doge 2y —id
linewidth propagates through a high-cavity, the phase Ty =~ o + 2i6.

fluctuations of the input light are transmitted to the am-

plitude fluctuations of the outgoing light. Such a transfet® = @M = Whes o = pavEo/h, andQliy = pqcEi /h are
influences the stability of oscillations in the entire systeni® Rabi frequencies, anda + pey + pec = 1. _

In turn, linewidth of the pump light used in an OEO with We calculate the stationary solutions of the equations by con-

an atomic cell is determined by the width of the atomigid€ring only the lowest order i, andé

; ; i 0 3 Q .
spectral line and may be much w!der than the width of LQy=-2N 2V_04 (E|Q|2 + 225|Q+1|2) (34)
the two-photon resonance, which is used for OEO stabi- 9z 8 1+ \ 2
izati 0 3 Q
iy 2= = o (Biop - i) @9
It is worth noting here that an optical fiber plays notonly the 9z 8 12 2

role of the microwave cavity in the OEO but also the role of where|Q2|? = |Q|? + |241|%. Then

filter, see e.g., (26a) and (26). Generally, it is possible to make a o 3 )

very long fiber delay in an OEO. Then the OEO generates sev- &|Q| ~ =5 NA%07. (36)
eral harmonics with linewidth determined by the fiber lengﬂkssumin thatQn |2 Q0.+ |2. we derive

The number of harmonics is restricted by a linewidth of a pho- g thaf€2o[* > [€241]%,

ic fi i 3 Yoy
tonic filter used in the system. 0 2 _10 21 2 N)\2 107 7
0 3 Q Yo .
S Q= — S NAZy—EL (B 945) .
VIII. CONCLUSION 5, 8 A VIQo|2 (2 L&) (38)

In this paper, we have theoretically studied the properties Bfjuation (17) may be derived from (37) and (19) may be derived
an optoelectronic oscillator realized with photonic filters sucflom (38), if one takes into account that = 37yc?/(4wd),
as a highe) optical cavity and an atomic vapor cell. We shoWg|? = 27 P/ Ac, andN = NLA.

that the oscillator is able to generate stable microwave signals

at a frequency determined by the filter. We also report an exper- REFERENCES

imental demonstration of an OEO Stablhzed_ Wlth a:n Rb atomic 1] X.S.Yao and L. Maleki, “Optoelectronic microwave oscillatal,"Opt.
vapor cell. Because such a device can be miniaturized and hasa sSoc. Amer. Bvol. 13, pp. 1725-1735, 1996.

potentially high stability, this paper is a step toward the creation[2] Y. Ji, X. S. Yao, and L. Maleki, “Compact optoelectronic oscillator
with ultralow phase noise performancelectron. Lett, vol. 35, pp.

of a miniature frequency reference. 15541555, 1999,
[3] T.Davidson, P. Goldgeier, G. Eisenstein, and M. Orenstein, “High spec-
tral purity CW oscillation and pulse generation in optoelectronic mi-
APPENDIX crowave oscillator, Electron. Lett, vol. 35, pp. 1260-1261, 1999.
EIT AND SLOW LIGHT [4] S. Romisch, J. Kitching, E. Ferre-Pikal, L. Hollberg, and F. L. Walls,
“Performance evaluation of an optoelectronic oscillattEEE Trans.
Let us consider the interaction of the electromagnetic waves  Ultrason. Ferroelect. Freq. Contivol. 47, pp. 1159-1165, 2000.

with atomic vapor confined in a vapor cell [Fig. 2(b)]. The sta- ! éuih \t(jr% aEr;gC';r'o'\r’J'?/';kié;Mggi'ggﬁgf‘%‘c‘)’gtm”ic oscillatoEEE J.
tionary propagations of light through the cell is described by 6] s. poinsot, H. Porte, J. P. Goedgebuer, W. T. Rhodes, and B. Boussert,
Maxwell equations in the slowly varying amplitude and phase “Continuous radio-frequency tuning of an optoelectronic oscillator with
approximation dispersive feedbackOpt. Lett, vol. 27, pp. 1300-1302, 2002.

[7] D.H. Chang, H. R. Fetterman, H. Erlig, H. Zhang, M. C. Oh, C. Zhang,

) 2imwg and W. H. Steier, “39-GHz optoelectronic oscillator using broad-band
—FEy(2) = ©abN pap (32) polymer electrooptic modulator/EEE Photon. Technol. Leftvol. 14,

0z c pp. 191-193, 2002.
0 20wy [8] E. Arimondo, “Coherent population trapping in laser spectroscopy,”

92 Ei (Z> = - ©acN pac (33) Progress Opt.vol. 35, pp. 257-354, 1996.



STREKALOV et al: STABILIZING OPTOELECTRONIC MICROWAVE OSCILLATOR WITH PHOTONIC FILTERS

9]
[10]

S. E. Harris, “Electromagnetically induced transparenBfys. Today
vol. 50, pp. 36-42, 1997.

J. P. Marangos, “Topical review on electromagnetically induced tran
parency,”J. Mod. Opt, vol. 45, pp. 471-503, 1998. z
A. B. Matsko, O. Kocharovskaya, Y. Rostovtsev, G. R. Welch, A. &
Zibrov, and M. O. Scully, “Slow, ultraslow, stored, and frozen light,”®
Adv. At. Mol. Opt. Physvol. 46, p. 191, 2001.

R. W. Boyd and D. J. Gauther, “Slow and fast lighefogress Opt.vol.
43, pp. 497-530, 2002. AN
L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, “Light speec '{ l i N
reduction to 17 meters per second in an ultracold atomic démttirg ' ' '
vol. 397, pp. 594-598, 1999.

[11]

[12]

(23]

Technology, Pasadena,
(14]

D. Lukin, Y. Rostovtsev, E. S. Fry, and M. O. Scully, “Ultraslow groupy
velocity and enhanced nonlinear optical effects in a coherently drivi
hot atomic gas,Phys. Rev. Lettvol. 82, pp. 5229-5232, 1999. atomic clocks
D. Budker, D. Kimball, S. Rochester, and V. Yashchuk, “Nonlinear mag- '
neto-optics and reduced group velocity of light in atomic vapor with slow

ground state relaxationPPhys. Rev. Lettvol. 83, pp. 1767-1770, 1999.

A. V. Turukhin, V. S. Sudarshanam, M. S. Shahriar, J. A. Musser, B.

S. Ham, and P. R. Hemmer, “Observation of ultraslow and stored light

pulses in a solid,Phys. Rev. Lettvol. 88, p. 023602, 2002.

M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, “Observation of ul-
trasolw light propagation in a ruby crystal at room temperatupdy's.
Rev. Lett.vol. 90, p. 113903, 2003.

J. Kitching, S. Knappe, and L. Hollberg, “Miniature vapor-cell atomic-
frequency referencesAppl. Phys. Letf.vol. 81, pp. 553-555, 2002.
M. D. Lukin, M. Fleischhauer, A. S. Zibrov, H. G. Robinson, V. L.
Velichansky, L. Hollberg, and M. O. Scully, “Spectroscopy of dense ¢
herent media: Line narrowing and interference effedys. Rev. Lett.
vol. 79, pp. 2959-2963, 1999.

J. M. Supplee, E. A. Wittaker, and W. Lenth, “Theoretical description ¢
frequency modulation and wavelength modulation spectroscépypl.
Opt, vol. 33, pp. 6294-6302, 1994.

[15]

[16]

[17]

(18]

(19]

[20]

. o~ nology development.
J.L.Hall, L. Hollberg, T. Baer, and H. G. Robinson, “Optical heterodyne b Thompson is a Member of the American Physical Society.
saturation spectroscopyXppl. Phys. Lett.vol. 39, pp. 680-682, 1981.

S. Kasapi, S. Lathi, and Y. Yamamoto, “Amplitude-squeezed, fre-
guency-modulated, tunable, diode-laser-based source for sub-shot-noise

[21]

[22]

FM spectroscopy,Opt. Lett, vol. 22, pp. 478-480, 1997.

Dmitry Strekalov received the B.S. and M.S.
degrees from Moscow State University, Moscow,
Russia, in 1992 and 1994, respectively, and the Ph.[
degree from the University of Maryland, Baltimore
County, in 1997.

He received postdoctoral training from 1997
to 1999 at the Physics Department, New York
University, and from 1999 to 2000, at the Physics
Department, Rice University, Houston, TX. He
joined the Jet Propulsion Laboratory (JPL), Cali-
fornia Institute of Technology, Pasadena, in 2000 ;
where he is currently a Senior Staff Member of the Quantum Science ;
Technology. He has more than 20 publications in peer-reviewed phy?}%%quantum and nonline
journals, with the cumulative citation index over 285. The majority of these
works are experimental research in quantum optics (photon entanglem%
quantum-optical interference, diffraction, and imaging; and tests of Bell's
inequalities) and in atomic optics (cooling and trapping of atoms, BEC, Raman
spectroscopy, coherent atomic systems, and slow light), which is the current
area of his research.

Dr. Strekalov was awarded the Robert A. Welch Foundation Postdoctoral Fel-
lowship at Rice University in 1999, and in 2002, he received JPL's Lew Allen
Award for excellence.

g

David Aveline received the B.S. degree in appliedjg
and engineering physiceym laudg from Cornell
University, Ithaca, NY, in 2002.

He joined the Quantum Sciences and Technolog
group at the Jet Propulsion Laboratory (JPL)
California Insitute of Technology, Pasadena, as
Member of Engineering Staff. He has been activg
in the field of laser cooling and atomic physics aty
JPL, including research in the areas of Bose—Ein-
stein condensation,

3061

Nan Yu received the B.S. degree from the Nanjing
Institute of Technology, Nanjing, China, in 1982 and
the M.S. and Ph.D degrees in physics from the Uni-
versity of Arizona, Tucson, in 1985 and 1988, respec-
tively.

After several years as a Postdoctoral Research As-
sociate, he joined the research faculty at the Univer-
sity of Washington, Seattle, and carried out research
work in the areas of single ion trapping, laser cooling,
and high-resolution spectroscopy. In 1998, he joined
the Jet Propulsion Laboratory, California Institute of
as a Senior Member of Technical Staff. His research in-

M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G. R. Welch, M. tgrests include trapping and cooling ions and neutral atoms, atom interferometer
or inertial sensing, photonic generation of ultra-low-phase-noise microwave
%’ibnal and optical pulses, and development of novel frequency standard and

Robert Thompson received the B.S. degree from
the Georgia Institute of Technology, Atlanta, and the
Ph.D. degree from the University of Texas in 1985
and 1994, respectively.

He is a Senior Member of Technical Staff with
the Quantum Sciences and Technology group, Jet
Propulsion Laboratory (JPL), Caifornia Institute of
Technology, Pasadena. At JPL, he has been active
in the field of laser cooling and atomic physics,
including research in the areas of Bose-Einstein
condensation, atomic waveguides, and laser tech-

Andrey B. Matsko received the M.S. and Ph.D.
degrees from Moscow State University, Moscow
Russia, in 1994 and 1996, respectively.

He received postdoctoral training at the Depart-
ment of Physics, Texas A&M University, from 1997
to 2001. He has been a Senior Member of Technical
Staff with the Quantum Sciences and Technology
group, Jet Propulsion Laboratory, California Institute
of Technology, Pasadena, since 2001. His current
research interests include, but are not restricted to,
applications of whispering-gallery-mode resonators
ar optics and photonics; coherence effects in resonant

dia; and quantum theory of measurements.
Jr. Matsko is a Member of the Optical Society of America (OSA). He was
arded the Robert A. Welch Foundation Postdoctoral Fellowship.

Lute Maleki (M'89-SM’'96—F'00) is a Senior Re-
search Scientist and the Supervisor of the Quantum
Sciences and Technology group, Jet Propulsion
Laboratory, California Institute of Technology,
Pasadena. His current research includes the study
and development of whispering-gallery-mode
microresonators for photonics and quantum optics
applications, including sensors and optoelectronic
sources of optical and microwave reference frequen-
cies. He is also active in the development of atomic
clocks based on ions and neutral atoms, laser cooling

electromagnetically inducednd atomic physics for quantum control, and the development of sensors based

transparency, atom-wave interferometry, and lasesn atom-wave interferometers. He is also active in tests of fundamental physics
technology development. He has also been involved with environmental amith ground- and space-based clocks.
biological research at the University of Rhode Island and Rhode Island CollegeDr. Maleki is a Member of the American Physical Society and the Optical
Mr. Aveline is a Member of the American Physical Society and the Optic8ociety of America (OSA). He is the recipient of the IEEE I. |. Rabi Award for
Society of America (OSA). the development of clocks for space.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


